Introduction {#Sec1}
============

Rib defects are quite common in clinic, which can occur as a result of trauma, thoracotomy, and autologous bone harvest \[[@CR1]--[@CR5]\]. For example, oral and maxillofacial surgeons commonly use autologous ribs to repair the mandibular defects \[[@CR6]\] and neurosurgeons also use autologous ribs to repair a large and complex skull defects \[[@CR7], [@CR8]\]. In the past, little attention was paid to the rib defect reconstruction as it was always thought to have little impact on patient's respiratory function. Traditionally, the defective ribs are not treated after being harvested, which actually will lead to a lot of adverse influences, such as chest wall deformities, cardiopulmonary insufficiency problems, and so on so forth \[[@CR9]\]. With the development of improved surgical techniques and the increase on patients' esthetic concerns, rib defect repair has gradually gained more and more attentions. Therefore, it is valuable to investigate the repair and regeneration of rib defects by means of tissue-engineered bone grafts.

To date, few attempts have been made to regenerate rib defect where a completely segmental defect exists and the bioactive bone materials are needed. Recently, mineralized collagen (MC) had been successfully applied in many types of bone repair, which is fabricated by an *in vitro* biomimetic mineralization process and has highly similar chemical compositions and microstructures to the natural bone tissue \[[@CR10]--[@CR13]\]. Collagen fibers in the MC assembled in order and served as the templates for the nucleation and growth of the HA crystals \[[@CR14]\]. The effects of the MC on repairing bone defects and promoting new bone regeneration have been demonstrated in many animal models and clinical practices, such as the treatments of intervertebral fusion and bone nonunion \[[@CR15]--[@CR19]\].

The purpose of this work was to investigate the effect of MC bone materials on promoting the rabbit rib defect regeneration. In this work, MC graft was implanted into the rabbit rib bone defect, which was observed for up to 12 weeks, providing experimental evidence for the potential application of MC bone materials in rabbit rib defect regeneration.

Experimental part {#Sec2}
=================

Ethics and materials {#Sec3}
--------------------

All the animal experiments performed between September and December in 2015 were approved in accordance with regulations set forth by the institution's animal care and oversight committee, located at Laboratory Animal Center of Liaocheng Food and Drug Supervision Bureau. All surgeries were taken under general anesthesia and all the efforts were made to minimize rabbits suffering. Eight healthy New Zealand white rabbits (age \~150 ± 7 days old, weight \~3.0--3.5 kg) were provided by Laboratory Animal Center of Shandong University \[permission No.SCXK (Lu) 20150001\]. MC bone materials were provided by the School of Materials Science and Engineering of Tsinghua University \[[@CR12], [@CR18]\]. Experimental protocols complied with Regulations for the Administration of Affairs Concerning Experimental Rabbits, formulated by the Ministry of Science and Technology of China.

Group management and preparation of rib bone defect models {#Sec4}
----------------------------------------------------------

Eight healthy New Zealand white rabbits, weighing approximately 300--350 g were housed, one rabbit per cage, in temperature (15--21 °C), air flow and light (12 h day and 12 h night) controlled roomsand received rabbit food and water adlibitum. The rabbits were randomly allocated to two groups, blank control group and MC group. All the surgical procedures were performed under systemic anesthesia using 10 % (vol/vol) chloral hydrate in oxygen for \~2 min. Assessment of the depth of anesthesia is according to the lack of reflex to toe pinch. After anesthetizing, the rabbits were immobilized in a lateral position. The right abdomen was upward and the surgical site was shaved, isolated with sterile drapes, scrubbed with surgical antiseptic, sterilized with alcohol andiodine, and covered with sterile towels. A skin incision was made in the right abdomen, then the subcutaneous fascia and muscles were incised. After exposing the ribs, the incisions were made on the right flank, parallel to rib orientation. An orthopedic ribs scissors was used to remove a section of the ribs and the periosteum on both the lateral margin and bottom was preserved (Fig. [1](#Fig1){ref-type="fig"}a). The fracture edges of the rib were smoothed using a rasp to meet the designed size. The MC was implanted into the defect zone and their position was checked (Fig. [1](#Fig1){ref-type="fig"}b). The controlled group was not implanted any materials. The rib bone fragments, related coagulation scab, and rib bone marrow tissues were washed with 50 mL normal saline. After hemostasis and wound rewashing, the subcutaneous fascia, muscles and skin incision were sutured with absorbable 4/0 surgical sutures by suturing in two layers after saline irrigation and sterilized with alcohol and iodine. After surgery, the experiment rabbits were injected with penicillin intramuscularly every day for 3 days in succession. The rabbits were housed separately. Rabbits had free access to food and water and were monitored daily in the postoperative period for any complications or abnormal behavior.Fig. 1Experimental procedures. **a** Group A: blank control group, the periosteum was preserved (*white arrows*, periosteum on the both sides and bottom), MC was not implanted in the ribdefect. **b** Group B: MC group, MC was implanted in the bone segment (3 cm defect)

Radiography analysis {#Sec5}
--------------------

Ordinary radiograph examinations of the rabbit ribs were taken in the mediolateral projections(46 kV, 6.0 mA, 10 ms, digital X-ray machine, Siemens AG, Munich, Germany) at 4, 8 and 12 weeks after the operation. The rabbits were anaesthetized and ketamine (40 mg kg^−1^) by intramuscular injection. The rabbits were laid on their backs. Then, photographic film was placed on the right abdomen and X-ray photos were taken at 6 mA, 46 kV, for 10 ms.

Histological examinations {#Sec6}
-------------------------

The rabbits were sacrificed 12 weeks after surgery. The specimens from bone defect sites were fixed in 10 % neutral buffered formalin for 48 h. Then they were fixed with 10 % paraformaldehyde, and were decalcified by 5 % Ethylene Diamine Tetraacetic Acid (EDTA). After decalcification, the samples were cut along the longitudinal plane on the microtome, then embedded in lab-grade paraffin wax. The longitudinal plane sections (parallel to the long axis of bone, 5 mm in thickness) were prepared and stained with hematoxylin and eosin (H&E). Then they were observed using a light microscope (IDA-2000, Konghai Technology and Development Co., Beijing, R. P. China).

Results {#Sec7}
=======

Mortality and clinical signs {#Sec8}
----------------------------

All the rabbits after surgery described above recovered quickly, returned to routine activities such as grooming, eating and drinking within 48 h. No apparent signs of infection such as red, hot incision or exudate were observed. No other test object related clinical signs were observed.

Radiography analysis {#Sec9}
--------------------

X-ray radiographs showed the 3 cm defects were covered with homogeneous opacity and bone union in the MC group, as shown in Fig. [2](#Fig2){ref-type="fig"} (Group B). It could be clearly seen that a large amount of new bone formed and the defects were nearly fully repaired at 4 weeks postoperatively. Moreover, bone modeling and remodeling had occurred at 8 and 12 weeks after operation. At 12 weeks after surgery the rib defects were covered with newly-formed calluses and the broken ends were connected with a bony bridge. However, in Fig. [2](#Fig2){ref-type="fig"} (the blank control Group A), obvious radiolucency was observed at 4 weeks postoperatively indicating few new bone formation,which implied that the rate of new bone formation in the control group was slower than that of MC group, and the gaps could still be seen at 4 weeks postoperatively.Fig. 2X-ray radiographs of rabbit rib defects at 12 weeks after surgery. Group A: blank control group, MC was not implanted in the rib defect. Group B: MC group, MC was implanted in the bone segment (3 cm defect)

Histological examinations {#Sec10}
-------------------------

The present histological results revealed that relatively mature bone with well-arranged bone trabecula (Fig. [3](#Fig3){ref-type="fig"}b, T: new bone trabecular), the growth of blood vessels (Fig. [3](#Fig3){ref-type="fig"}b, white arrow: newly formed capillary vessel) andosteogenic cellscould be found around the bone trabecular in the MC group at 12 weeks postoperatively. Haversian system has formed, and the newly formed bone and bone marrow cavity have developed well. However, only few bone trabecular bones were observed in control group (Fig. [3](#Fig3){ref-type="fig"}a). These findings suggested that MC exhibited the capacity to promote new bone formation. MC could offer a satisfactory biological environmentfor new bone invasion with in the implants and stimulating new bone deposition. It can act not only as a void filler facilitating guided tissue regeneration, but also as an accelerator for the healing process \[[@CR20]--[@CR22]\].Fig. 3Hematoxylin-eosinphotographs (H&E × 40 magnification) of rabbit rib defects at 12 weeks after surgery. **a** The blank control group, C: osteoblast; T: New bone trabecular, **b** MC group, MC was implanted. M: materials; C: osteoblast; *white arrow*: the newly formed capillary vessel; T: New bone trabecular

With the new bone invasion, MC bonematerial degraded gradually and was separated by the new bone tissue into several small islands, as shown in Fig. [4](#Fig4){ref-type="fig"}. The blue staining indicated the collagen of newly formed bone, and the red section indicated collagen of mature bone (Figs. [4](#Fig4){ref-type="fig"}a, b). After implantation, surrounding bone tissue grew along the porous MC scaffold. These can attribute to the fact that MC is mineralized collagen fibrils, which shows satisfactory biocompatibility at cellular lever and often predominates in the formation of the fibrous capsule that surrounds the implant \[[@CR23]\].Fig. 4Histology photomicrographsof Masson staining of rabbit rib defectsimplanted with MC at 12 weeks after surgery. **a** *Blue*: collagen of new bone, **b** *Red*: collagen of mature bone, *white*: MC

Discussion {#Sec11}
==========

In this study, we tried to address the problem-repairof rib bone defects.In the past several years, little research directed towards addressing this problem and no progress has been made. Some special considerations must be made when designing a graft to repair a rib defect. First, the rib has a variable radian and thus a single graft may not be suitable for rib reconstruction as the graft must be easily molded. In this study, we used MC to reconstruct rib bone defect. This method was first reported in this study. We successfully reconstructed a long rib defect with MC. In the present study, a higher bone remodeling activity was observed around the group repaired with MC than that group without MC, especially at the early stage of remodeling, which indicated rib defect reconstruction was important and necessary. The rib is not a load bearing bone but may move with respiration. Although we have achieved a good result with respect to the rib reconstruction, some problems should be studied further. There still, however, remain several problems such as the mechanical integrity of the grafts. Although rib is a bone that suffers very little outer force, because of the effect of the chest muscle, the graft still is exposed to deforming forces, especially when the animal vocalizes. We think that such a technique might be a feasible approach for rib bone repair but further research should be done.

Conclusion {#Sec12}
==========

The results indicated that the defective rib bone rapidly regenerated with MC implantation, showing more mature bone tissue in comparison with the blank control group. This study provided experimental evidence on the feasibility of rib bone defect regeneration using artificial bone graft.
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